Tubers are epileptogenic cortical malformations in tuberous sclerosis complex (TSC). 1, 2 Tubers contain abnormal cells known as dysmorphic neurons (DNs) and giant cells (GCs) that express proteins normally detected in progenitor cells within the embryonic ventricular zone (VZ) or subventricular zone (SVZ) such as nestin, vimentin, and polysialylated neural cell adhesion molecule. 3, 4 Persistent expression of these proteins in tubers may imply incomplete cellular differentiation or that there is a population of newly generated cells in tubers. GCs rarely express proliferating cell nuclear antigen (PCNA) and Ki-67, markers of cell division, suggesting ongoing cell proliferation in cortical tubers. 3 Neurogenesis occurs in the adult rat SVZ olfactory bulb pathway, rat and human hippocampal dentate gyrus, and potentially, cortex, 5, 6 and accelerated proliferation of dentate granule cells has been demonstrated in rat epilepsy models in response to recurrent seizures. 7 We assayed the expression of protein markers that demarcate distinct brain developmental epochs including neural proliferation (p34cdc2, CRMP4), 8, 9 migration (DCX, LIS-1), 10 and differentiation (HuD, NeuN) 11, 12 in tubers and subependymal giant cell astrocytomas (SEGAs) from TSC patients as well as human control cortex and subependymal nodules (SENs) in the Eker rat model of TSC 13 as a strategy to define the phenotypic maturity of DNs and GCs. We propose that tubers and SEGAs derive from the SVZ, and that tubers are dynamic lesions containing a subpopulation of newly generated cells that are the progeny of SVZ progenitors.
Patients and Methods

Tissue Specimens
Tubers (n ϭ 10) resected from TSC patients 14 at the Children's Hospital of Philadelphia, the Mayo Clinic, and New York University for the treatment of intractable epilepsy were analyzed (mean patient age, 14 years; range, 1-20 years; four female and six male patients; eight frontotemporal, two parietal). Three patients had TSC2 mutations and one had a TSC1 mutation. SEGAs were removed from six TSC patients (distinct from patients in whom tubers were removed) for evolving hydrocephalus. Specimens had the typical histological appearance of tubers or SEGAs. 15 Perituberal cortex with normal cytoarchitecture from three TSC patients obtained postmortem (mean age, 17 years; two female and one male patient), temporal neocortical specimens with intact cytoarchitecture obtained intraoperatively from epilepsy patients with no history of TSC (n ϭ 4; two male and two female patients; mean age, 22 years), and postmortem neocortex obtained from four patients who died of nonneurological causes (mean age, 14 years; one male and three female patients; average postmortem interval, Ͻ14 hours) were assessed as control specimens. Human tissues were studied in accordance with the University of Pennsylvania Institutional review board.
The Eker rat strain (n ϭ 4 adult female rats) exhibits a spontaneous Tsc2 mutation and single SENs in the walls of the lateral ventricles. 13 Animal experiments were performed in accordance with protocols approved by the Institutional Animal Care Committee, University of Washington.
Immunohistochemistry and Western Analysis
Paraformaldehyde-fixed, paraffin-embedded tissue blocks were sectioned at 8m and probed with CRMP4 (1:1,000; courtesy Dr S. Hockfield, Yale University), DCX (doublecortin; 1:500; courtesy C. Walsh), HuD (1:250; Santa Cruz Biotechnology, Santa Cruz, CA), LIS-1 (1:100; Santa Cruz), NeuN (1:500; Chemicon, Temecula, CA), or p34cdc2 antibodies (1:500; Santa Cruz) overnight at 4°C.
Immunolabeling was visualized using the avidin-biotin conjugation method (Vector Laboratories; Burlingame, CA). For Western analysis, frozen tissue samples (flash-frozen at Ϫ80°C) were homogenized and centrifuged cell lysates were electrophoresed on 7.5% sodium dodecyl sulfate polyacrylamide gel and transferred onto nitrocellulose membrane. Western blots were probed with primary antibody (CRMP4, 1:10,000; DCX, 1:10,000; HuD, 1:5,000) overnight at 4°C and then with horseradish peroxidase-conjugated goat antirabbit secondary antibody (1:10,000 dilution; Amersham, Piscataway, NJ) and visualized by enzyme chemiluminescence.
mRNA Expression
Arrays containing CRMP4, DCX, and HuD cDNAs (cDNA encoding NeuN is not available) were probed with amplified 32 P-CTP-radiolabeled aRNA generated from whole tuber or control sections as described previously. 16 aRNA-cDNA hybridization was determined by phosphorimaging. Differences in relative abundance were determined using a Bonferroni adjusted one-way analysis of variance ( p Ͻ 0.05 was significant).
Results
CRMP4, DCX , and HuD mRNA Expression
CRMP4 and DCX mRNAs were low abundance in the control specimens but were increased (CRMP4 [fourfold] and DCX [fivefold]) in tubers compared with control sections ( p Ͻ 0.05; Fig 1) . HuD mRNA abundance did not differ between tuber and control specimens. There was no difference in CRMP4, DCX, and HuD mRNA expression between the three control specimen types (not shown).
p34cdc2, CRMP4, DCX , LIS-1, HuD, and NeuN Protein Expression
HuD protein levels did not differ between tubers and control cortex. Increased CRMP4 and DCX protein levels were detected in the tubers (see Fig 1) . Two additional CRMP4 bands detected in the perituberal cortex, and tubers samples may reflect distinct CRMP4 isoforms (R. Elliott, personal communication). Levels of CRMP4 and DCX protein were slightly increased in 3. perituberal cortex specimens compared with control cortex (because of probable inclusion of a small contaminant of tuber cortex during gross dissection of the frozen block) but were less than in tubers.
arrows). Note increase in CRMP4 and DCX protein levels in tubers compared with control cortex. (middle) (a) CRMP4 in control cortex; (b) CRMP4 in tuber; (c) high magnification of CRMP4-labeled dysmorphic neuron; (d) chain of DCX-labeled GCs in white matter; (e) LIS-1-labeled GCs. (bottom) Detection of CRMP4 (220bp) and DCX (301bp) mRNAs by reverse transcription polymerase chain reaction in single cell types (CRMP-4 primers: 5Ј-CCAACT GCCCCCTTTATGTCACC-3Ј; 5Ј-GATAGCCGTGAAGTTGTCCTTC-3Ј; DCX:5Ј-CTGTC-CTTGGATGACTCGGACTC-3Ј; 5Ј-CATCCCTGGAATGCTGCCCCAAA-3Ј). Lane 1 contains reverse transcription polymerase chain reaction amplicons from a CRMP4 immunolabeled GC, lane 2 is from DCX-immunolabeled GC, and lane 3 is from a HuD-labeled control neuron. CRMP4 and DCX are detected in lanes 1 and 2 but not in lane
There was no apparent difference in marker expression between the TSC1 case compared with the three TSC2 cases. p34cdc2 immunoreactivity was not observed in any of the tissue specimens (not shown). CRMP4 labeling was confined to a small population of cells in control cortex scattered across all cell layers that likely reflect oligodendrocytes. CRMP4-immunolabeled cells were observed, often in clusters, throughout the extent of the tuber and especially in the white matter. CRMP4 staining was within the somatic cytoplasm and near the cell membrane in DNs and GCs (see Fig 1) . None of the GCs or DNs exhibited immunoreactivity for myelin/oligodendrocyte specific protein, a marker for oligodendrocytes (not shown).
DCX-immunoreactive cell clusters and chains were observed in the subcortical white matter extending to the pial surface (see Fig 1) . However, some GCs and DNs were DCX stained, whereas other directly adjacent GCs or DNs were not labeled. DCX labeling in GCs was corroborated by LIS-1 immunolabeling. Detection of CRMP4 and DCX mRNAs in single microdissected CRMP4 or DCX but not HuD-immunoreactive cells (n ϭ 5 each) by reverse transcription polymerase chain reaction corroborated the immunolabeling profiles (see Fig 1) .
Neuronal HuD and NeuN immunoreactivity was noted in neurons throughout all laminae in all control specimens (Fig 2) . In tubers, most DNs and GCs were 
Fig 3. Expression of CRMP4 (A) and doublecortin (C) in select cells (arrows) within subependymal nodules of the Eker rat strain. Expression of CRMP4 (B) and DCX (D) in human subependymal giant cell astrocytomas (arrows). Many large giant cells are CRMP4 (B) and DCX labeled in subependymal giant cell astrocytomas (D). (E) CRMP4 and (F) doublecortin expression in the rat subventricular zone (arrows).
NeuN and HuD immunostained (see Fig 2) . However, NeuN and HuD immunolabeling of GCs was heterogeneous in that some GCs were unstained, whereas directly adjacent GCs exhibited NeuN or HuD immunoreactivity.
CRMP4 and DCX in Human Subependymal
Giant Cell Astrocytomas and Eker Rat Subependymal Nodules CRMP4 and DCX labeling was observed in the SVZ of control rats. In the Eker rats, rare CRMP4 and DCX-labeled neurons were noted in the pyriform and entorhinal cortex. CRMP4 and DCX-immunoreactive cells were observed in the SENs within all four Eker rats (Fig 3) . Numerous CRMP4 and DCXimmunolabeled cells were identified in all six SEGA specimens. Most cell types were similar to the GCs identified in tubers (see Fig 3) .
Discussion
We show that DNs and GCs express cell markers reflecting distinct neurodevelopmental epochs. Select DNs and GCs expressed HuD and NeuN consistent with a differentiated neuronal phenotype. CRMP4 and DCX expression was observed in SENs, tubers, and SEGAs, suggesting that these lesions share a common origin during development and may be derived from the SVZ. CRMP4, DCX, and LIS-1 expression may identify newly generated cells that actively migrate from the SVZ or from SENs/SEGAs into tubers where they then differentiate and express NeuN or HuD.
Neurogenesis and cell migration in the mature mammalian brain have been demonstrated by the expression of markers including CRMP4, DCX, LIS-1, PCNA, and BrdU incorporation. 3, 5, 6, 10, 17 Cell lineage or developmental phenotype designation with immunohistochemical markers has inherent limitations. For example, expression of a particular marker does not necessarily define cell lineage or differentiation, and expression of any one particular marker does not definitively prove the identity of a specific cell type. However, we have surmounted these limitations by assaying multiple markers to corroborate specific developmental epochs such as DCX and LIS-1 or HuD and NeuN. 9 -12 Recurrent seizures in rodents are associated with ectopic migratory pathways of DCX-labeled neurons into the forebrain. 17 White matter abnormalities adjacent to tubers 18 may highlight the pathway of migrating neurons, and, in fact, many of the DCX or CRMP4-immunoreactive cells were in the subcortical white matter, possibly en route to tubers. Tuber and SEN number are positively correlated, 18, 19 and, although there is no current evidence to suggest that tubers can enlarge, the variable magnetic resonance imaging characteristics of tubers suggest that these lesions may be dynamic. 19 SENs in the Eker rat exhibit loss of Tsc2 heterozygosity, whereas the overlying cortex of this animal strain is Tsc2 heterozygous and expresses functional tuberin. CRMP4 and DCX expression in SENs but not cortex supports a highly specific upregulation of CRMP4 and DCX in response to loss of tuberin and ongoing cell proliferation. Alternative explanations include failure to transcriptionally silence CRMP4 or DCX or abnormalities in cytoskeletal assembly within these cell types. 11 Conversely, a population of dormant progenitors 20 may exist within tubers that yield new cells expressing CRMP4 and DCX.
We propose that tubers, SENs, and SEGAs are pathogenically linked and derive from progenitor cells in the VZ and SVZ. Thus, therapeutic interventions targeted to prevent the formation of these lesions may be directed at the SVZ. Although we cannot at this time extend our results to all tubers, we propose that tubers highly associated with epilepsy may be dynamic rather than static lesions.
